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Abstract. The aim of our investigation is to derive a particular theory among the class
of scalar-tensor(ST) theories of gravity, and then to test it by studying kinematics and
dynamics of S-stars around supermassive black hole (BH) at Galactic Center (GC). We
also discuss the Newtonian limit of this class of ST theories of gravity, as well as its
parameters. We compare the observed orbit of S2 star with our simulated orbit which
we obtained theoretically with the derived ST potential and constrained the parameters.
Using the obtained best fit parameters we calculated orbital precession of S2 star in
ST gravity,and found that it has the same direction as in General Relativity (GR), but
causes much larger pericenter shift.
1. Introduction
Modified theories of gravity have been proposed as alternative approaches to
Newtonian gravity in order to cure shortcomings of Newtonian gravity and GR,
but without introducing dark matter and dark energy [1, 2]. Huge number of
alternative gravity theories have been proposed (see e.g. review papers [3, 4, 5]
and the book [6]). All these theories have to be also checked by astronomical
observations taken on different astronomical scales, from the Solar System, binary
pulsars, elliptical and spiral galaxies to the clusters of galaxies and cosmological
scales [7, 8, 9, 10, 4, 5, 11, 12, 13].
Extended theories of gravity [4, 5] are alternative theories of gravity developed
from the similar starting points investigated first by Einstein and Hilbert, but in-
stead of Ricci curvature scalarR, one assumes a generic function f of the Ricci scalar
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R. Using extended theories of gravity in our previous papers we tried to explain dif-
ferent astrophysical phenomena like: orbital precession of S2 star [14, 15, 13, 16, 17],
fundamental plane of elliptical galaxies [17, 18], the baryonic Tully-Fisher relation
of gas-rich galaxies [19], and also to give the mass constraints for graviton [20, 21].
S-stars are the bright stars which move around the centre of our Galaxy where
the compact radio source Sgr A∗ is located (more about this can be found in refer-
ences [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32]). The progress in monitoring bright
stars near GC has been made [30, 31, 32], but still the current astrometric limit
is not sufficient to unambiguously confirm deviations of S2 star orbit from Keple-
rian one. We expect that future observations of S-stars will be more precise with
astrometric errors several times smaller than currently are.
Some models of extended gravity, and in particular generic models containing ST
and higher-order curvature terms, are described in [33]. In this study, we consider
possible signatures for a ST theory within the Galactic Central Parsec, not tested
at these scales yet. Using gravitational potential that we derived from the modified
theories of gravity [34, 35], we compare simulated and observed orbits of S2 star.
In this way we are able to investigate the orbital precession of S2 star, deviations
from the Keplerian orbit, the stellar kinematics around supermassive BH at GC, as
well as to constrain parameters of the derived potential.
This paper is organized as follows: in §2 we explain theoretical base of ST
gravity, in §3 we describe our two body numerical simulations, §4 is devoted to the
obtained results and their discussion, and finally in §5 we point out main results of
our study.
2. Scalar-Tensor theory of gravity and its parameters
In ST theory of gravity both, the metric tensor g and a fundamental scalar
field φ, are involved. This theory of gravity contains two arbitrary functions of the
scalar field: the coupling F (φ) and the interaction potential V (φ). F (φ) underlines
a non-minimal coupling between the scalar field and the geometry, and V (φ) implies
a self-interaction of the field. More about general scalar-tensor Lagrangian see in
[36].
We take the most general action in four dimensions of a theory of gravity where
a scalar field is non-minimally coupled to the geometry of the form [37, 38]:
(2.1) S = SM +
1
2κ2
∫
d4x
√−g[F (φ)R + 3
2φ
gµνφ,µφ,ν − V (φ)],
and choose a specific form for F (φ) = ξφm, V (φ) = λφn, where SM is the matter
action, ξ is a coupling constant, λ gives the self-interaction potential strength,m and
n are arbitrary parameters. We take a rather general choice for arbitrary functions
F (φ) and V (φ) which is in agreement with the existence of a Noether symmetry
[37, 38, 36]. Also, several ST physical theories (e.g. induced gravity) admit such a
form for F (φ) and V (φ).
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We investigated few different cases for h00 = 0.5Φ, where Φ is Newtonian-like
potential.
In the case of sferical symmetry, and for a point distribution of matter, the
linearized equations have the solutions as follows [39, 40]. In case of n 6= 0 and
n 6= 2m, solution is:
(2.2) h00 ≃ κ
2
4piξϕm
0
M
r
− λ
2ξ
ϕn−m
0
r2 − κ
2m2M
3(1−m2ϕm−1
0
ξ)
e−pr
4pir
.
In case of n = 2m, solution is:
(2.3) h00 ≃ κ
2M
4pir
[
3− 3m2ϕm−1
0
ξ −m2ξϕm0
3ξϕm
0
(1−m2ϕm−1
0
ξ)
]− λϕ
m
0
2ξ
r2.
In case of n = 1, solution is:
(2.4) h00 ≃ κ
2M
4pir
[
3− 3m2ϕm−1
0
ξ −m2ξϕm
0
3ξϕm
0
(1−m2ϕm−1
0
ξ)
]− λϕ
1−m
0
2ξ
r2.
The ST gravitational potential in the weak field limit can be written in the
following form [34, 35]:
(2.5) UST =
G˜
ξϕm
0
M
r
− λ
4ξ
ϕn−m
0
r2 − G˜m
2M
3(1−m2ϕm−1
0
ξ)
e−pr
r
,
where ϕ0 is positive real number (close to 1), p is function of the ST gravity pa-
rameters ξ, λ,m, n:
(2.6) p =
√
λnϕn−1
0
(2m− λn)
3(m2ξϕm−1
0
− 1) ,
and G˜ is related with a gravitation constant GN :
(2.7) G˜ = −
[
3(1−m2ϕm−1
0
ξ)ξϕm0
3− ξ(3m2ϕm−1
0
+m2ϕm
0
)
]
GN .
3. Simulated S2 star orbits in ST and Newtonian potential
In order to constrain the parameters observationally, we simulated orbits of S2
star in the modified gravitational potential, and then we compared the results with
the set of S2 star observations obtained by the New Technology Telescope (NTT)
and Very Large Telescope (VLT).
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As S2 star is one of the brightest among S-stars, with the short orbital pe-
riod and the smallest uncertainties in determining the orbital parameters, it is a
good candidate for this study. We draw orbits of S2 star in ST and Newtonian
potential. For that purpose, we performed two-body simulations in the modified
ST gravity potential: UST (r) = C1 · 1
r
+ C2 · r2 + C3 · e
−pr
r
, with C1 = C1(ξ,m),
C2 = C2(ξ, λ,m, n), C3 = C3(ξ,m), p = p(ξ, λ,m, n), and in Newtonian potential:
UN (r) = −GM
r
.
The equations of motion in ST gravity are:
(3.1) −˙→r = −→v , µ−¨→r = −−→▽UST (−→r ),
where µ = M ·mS/(M +mS) is the reduced mass in the two-body problem.
One example of the comparison between the orbit of S2 star in Newtonian and
ST potential is given in Fig. 3.1. Our results show that there is a positive precession
(as in GR), and after some number of periods the prograde shift results in rosette-
shaped orbits.
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Fig. 3.1: Comparison between the orbit of S2 star in Newtonian potential (red
dashed line) and ST potential (blue solid line) for parameters (m,n) = (1,3) and
(ξ,λ) = (3900,-0.00058) during the time t = 2T and 10T, where T is Keplerian
period.
We compare the obtained theoretical results for S2-like star orbits in the ST
potential with the available set of observations of the S2 star. The observations,
collected between 1992 and 2008 at the European Southern Observatory (ESO),
with the optical telescopes NTT and VLT, are publicly available as the supplemen-
tary online data to the electronic version of Ref. [26].
For comparing the astrometric observations with the fitted orbit, our method of
calculation is the following:
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1o we calculate the positions of S2 star in the orbital plane (the true orbit) by
the numerical integration of equations of motion;
2o then we project the true orbit to the observer’s plane (the apparent orbit);
3o we estimate the discrepancy between the simulated and the observed apparent
orbit by the reduced χ2 [15].
From the comparison of the observations and the fitted orbit of S2 star around
the GC, it can be clearly seen that the precession exists. In Fig. 3.2 we present one
part of the orbit near apocenter where orbital precession is obvious.
0.15
0.16
0.17
0.18
0.19
0.20
-0.04-0.020.00
∆δ
 
(")
∆α (")
data
fit
Newton
Fig. 3.2: Comparison of the NTT/VLT astrometric observations (black circles) and
the fitted orbit in ST modified gravity (blue solid line) of S2 star around the Galactic
Center, for ST gravity parameters (m,n) = (1,3) and (ξ,λ) = (3900,-0.00058). The
Newtonian orbit is added with red dashed line.
4. Results and discussion
4.1. Constraints on ST gravity parameters
For constraining ST gravity parameters, we choose some values for (m,n), and
vary the parameters (ξ,λ) over some intervals, and search for those solutions which
for the simulated orbits in ST gravity give at least the same or better fits (χ2 ≤ 1.89)
than the Keplerian orbits. Then, we repeat the procedure for different combinations
(m,n) → [1, 10]. Some maps of the reduced χ2 over the parameter space (ξ,λ) of
ST gravity, for different combinations of m and n, we show in Figs. 4.1-4.4. The
calculated χ2min values and the corresponding best fit values ξ min and λ min are
given in Table 4.1. The readers should pay attention here that χ2min is the minimal
value, but the parameters ξ min, λ min are not minimal, but the best fit values
which correspond to χ2min.
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As it can be seen from Figures 4.1-4.4, as well as from Table 4.1, different
combinations of m and n parameters give different best fit values for ξ and λ, but
they will not significantly affect the resulting orbital precession, as it will be shown
below.
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Fig. 4.1: The map of the reduced χ2 over the parameter space (ξ, λ) of ST gravity
in case of NTT/VLT observations of S2 star which give at least the same or better
fits (χ2 ≤ 1.89) than the Keplerian orbits. Figure represents case for (m,n) = (1, 1).
A few contours are presented for specific values of reduced χ2 given in the bottom
right part of the figure.
4.2. Orbital precession estimates in ST gravity
In order to calculate orbital precession in ST modified gravity, under assumption
that ST potential does not differ significantly from Newtonian potential, we derived
perturbing potential:
(4.1) V (r) = UST − UN ; UN = −GM
r
.
The obtained perturbing potential is of the form:
(4.2)
V (r) = −GM
r
ξm2ϕm0
3− ξ(3m2ϕm−1
0
+m2ϕm
0
− λ
4ξ
ϕn−m
0
r2 − G˜m
2M
3(1−m2ϕm−1
0
ξ)
e−pr
r
.
and it can be used for calculating the precession angle according to Eq. (30) in Ref.
[41]:
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Fig. 4.2: The same as Fig. 4.1, but for case (m,n) = (1, 3).
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Fig. 4.3: The same as Fig. 4.1, but for case (m,n) = (1, 4).
(4.3) ∆θ =
−2L
GMe2
1∫
−1
z · dz√
1− z2
dV (z)
dz
,
where r is related to z via: r =
L
1 + ez
. By differentiating the perturbing potential
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Fig. 4.4: The same as Fig. 4.1, but for case (m,n) = (3, 4).
V (z) and by substituting its derivative and L = a
(
1− e2) into (4.3), we can obtain
value for precession angle. Some calculated values are given in Table 1 from [35].
The precession of S2 star orbit is in the same direction with respect to GR
and produces a prograde shift that results in rosette-shaped orbits. The pericenter
advances by 2.5◦ per orbital revolution, while in GR the shift is 0.18◦.
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Table 4.1: Best fit values for ST gravity parameters, for different combinations of
m and n (we take ϕ0 = 1).
m n χ2min ξ min λ min
1 1 1.5434350 13000 0.0058
1 3 1.5434440 43000 -0.0064
1 4 1.5434426 43000 -0.0024
2 1 1.5434345 16000 0.0095
2 2 1.5434352 15000 0.0067
2 3 1.5434474 -1000 -0.0006
3 1 1.5434336 1000 0.0008
3 2 1.5434383 1000 0.0005
3 3 1.5434352 15000 0.0067
3 4 1.5434383 1000 0.0005
4 1 1.5434317 4000 0.0041
4 2 1.5434478 -1000 -0.0006
4 3 1.5434348 21000 0.0100
4 4 1.5434353 15000 0.0067
10 10 1.5434353 -15000 -0.0067
5. Conclusions
As the S2 star is one of the brightest among S-stars, with the short orbital
period and the smallest uncertainties in the orbital parameters, we find that it is a
good candidate for this study. First we obtained the parameter space (ξ, λ) of ST
modified gravity for which the fits are the same or better than in Keplerian case.
We then calculated orbits for the best fit parameters of ST gravity and compared
them with observations. In that way, our results enable us to test ST theory at
galactic scales.
In this paper we derived a particular theory among the class of ST theories
of gravity. We tested this gravity theory by studying dynamics of S2 star around
supermassive BH at GC. For 15 combinations of m and n parameters we obtain
the values of ξ and λ for which S2 star orbits in ST gravity better fit astrometric
observations than Keplerian orbit. We obtained much larger orbital precession for
the best fit parameter values of the S2 star in ST gravity than the corresponding
value predicted by GR. The precession of S2 star orbit has the positive direction, as
in GR. Also, we discuss the Newtonian limit of this class of ST theories of gravity.
We believe that the approach we proposed can be used to constrain the different
modified gravity models from stellar orbits around GC (see also [42, 43, 44]).
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